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Band of Metallic Na.WO ' '"W Relaxation*

A. T. FRQHHQLD) JR.,t ANn ALBERT NARATH

Sandia Laboratory, Albuquerque, Nm Mexico

(Received 1 July 1966)

Transient nuclear-magnetic-resonance measurements reported previously for the LlNa resonance in
metallic sodium tungsten bronzes Na WO3 have been extended to the '"W resonance in these compounds.
Measurements of the '"W spin-lattice relaxation time T~ and the spin-echo phase-memory time T2 have
been carried out for x=0.56, 0.65, 0.73, 0.81, and 0.89 in the temperature range 1&T(4'K. Whereas TjT
is at least 4400 sec 'K for the "Na resonance, T&T was found to have values between 6 and 16 sec 'K (de-
pending on the x value) for the reeW resonance. An analysis of these relaxation times provides conclusive
evidence that the conduction band in these compounds has no significant sodium 3s or 3p character, but
instead is based on tungsten Sd states as postulated initially by Sienko. Tungsten 6s states play a relatively
minor role in the conduction band, contributing less than 10'po to the total density of states N(re) at the
Fermi surface. Core polarization provides the largest contribution to the '~W resonance shift, whereas the
orbital hyperfine interaction probably provides the most important of the conduction-electron contributions
to nuclear relaxation. The orbital magnetic susceptibility in Na, WO3 is estimated to be small, having an
upper limit of 10)&10 e emu/mole for x=0.56 and 18)&10 ' emu/mole for g =0.89. These results should be
contrasted with tungsten metal, for which the orbital susceptibility is large ()66&(10 e emu/mole); the
orbital mechanism predominates in the resonance shift, and the s-contact mechanism provides the major
conduction-electron contribution to nuclear spin-lattice relaxation.

I. INTRODUCTION

~

~

T least four models' ' have been proposed in the
literature to explain electronic conduction in the

seriess of metals Na, WOs (0.3&x&1.0). These com-
pounds have a cubic perovskite structure in which the
tungsten atom lies in the center of the unit cell, the
oxygen atoms lie in the face centers, and the sodium
atoms are distributed over the corner positions. The
crystal structure of metallic Na WO3 is thus related
to that of WOs (itself an insulator), with sodium atoms
occupying interstitial positions. The models for the
conduction band of Na, WO3 can be classified according
to the atomic states which form the basis for a tight-
binding description. Briefly, these models are:

1. Sienko' ' model —tungsten Sd(Iso) states.
2. Keller' model —tungsten 6s states, with minimum

energy when the wave vector is at a zone corner.
3. Mackintosh' model —sodium 3p states.
4. Fuchs' model —probably restricted to sodium

states by the assumption that conduction occurs only
through lattice sites occupied by sodium atoms (i.e.,
the effective volume for conduction is x-dependent).

Nuclear magnetic resonance (NMR) has thus far
proved to be the most effective probe into the electronic
properties of these metallic compounds. Knight-shift

*This work was supported by the U. S. Atomic Energy
Commission.
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M. J. Sienko, 1Vonstoichiometric ComPounds, edited by Robert
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measurements of the "Na resonance~ and the "'W
resonance' have yielded the initially unexpected results
that the "Na shift is extremely small and negative,
while the "'W shift is larger but still negative. This
contrasts with the large positive shifts observed for
sodium' and tungsten' metals. The negative shifts in
Na, WO3 gave strong indication that s states are not
very important in the conduction band. The Keller
model therefore had to be abandoned, and Mackintosh
was forced to restrict his formula, tion to the atomic p
states of sodium, despite the fact that the conduction
band in sodium metal has a great deal of s character.

Measurements of the nuclear spin-lattice relaxation
rate are especially well-suited for a study of electronic
conduction bands, particularly in metallic compounds
containing more than one cationic constituent. This
follows from the short-range character of the dominant
hyperine interactions. Our measurements" of the "Na
relaxation rate yielded the result that the conduction
electrons are coupled very weakly to the "Na nuclei.
A comparison of the observed rates with calculations
based on orbital and spin-dipolar hyperhne interactions
established a conservative upper limit estimate of 33%
for the admixture of sodium 3p states in the conduction
band, which in our opinion represents sufEcient grounds
in itself for discarding the Mackintosh and Fuchs
models.

Recently our experimental technique for transient
measurements was improved to a degree that enabled
us to study the "'W resonance in W metal. " It was

7 W. H. Jones, Jr., E. A. Garbaty, and R. G. Barnes, J. Chem.
Phys. 36, 494 (1962).

'A. Narath and D. C. Wallace, Phys. Rev. 127, 724 (1962).
W. D. Knight, in Solid State Physics, edited b F. Seitz and

D. Turnbull (Academic Press Inc. , New York, 1956, Vol. 2, p. 93.' A. Narath and A. T. Fromhold, Jr., Phys. Rev. 139, A794
(1965).

"A. T. Fromhold, Jr., and A. Narath, Phys. Rev. 136, A487
(1964).
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TABLE I. Spin-echo dephasing times (Ts*) and phase memory
times (Ts) for "'W in metallic Na WOE.

x value

0.89
0.8j.
0.73
0.65
0.56

Tu* (msec)

0.090(F10%)
0.090
0.090
0.075
0.050

Ts (msec)

23(+5%)
23
27
28
35

therefore of interest to us to measure also the relaxa-
tion rate of the "'W resonance in Na WQ3, in order
that a comparison between the "Na and '"W rates
could be made. In this paper vre report results of an
investigation of "'W spin relaxation rates in Na WO3
(x=0.56, 0.65, 0.73, 0.81, and 0.89) in the tempera-
ture range 1—O'K. The results of this study provide
additional support for the Sienko model and thus cor-
roborate our previous conclusions. Section II sum-
marizes our experimental techniques. The experimental
spin-spin relaxation rates are discussed in Sec. III.
The experimental spin-lattice relaxation rates are
presented and analyzed in Sec. IV. Conclusions are
offered in Sec. V.

II. EXPERIMENTAL DETAILS

The measurements reported in this paper were per-
formed on the same samples which were used in our
earlier studies. ' "These samples consisted of 325-mesh
powders suspended in parafBn which were prepared
several years ago. The possibility that a significant
sodium loss might have occurred by gradual diffusion
across the bronze-parafiin interfaces was eliminated by
repeating our '"W spin-relaxation measurements on a
freshly crushed x=0.89 specimen. Identical results
were obtained as for the original x= 0.89 sample.

The relaxation times were determined by standard
crossed-coil transient-induction techniques. Because of
the small nuclear moment of "'W and its low natural
abundance (14%%u~) all experiments were carried out
in a 55-kOe compensated superconducting solenoid.
Temperatures in the range 1—O'K were attained by
controlled pumping on liquid helium contained in a
separate sample Dewar. Radiofrequency excitation
was provided by an incoherent pulsed, oscillator operat-
ing near 10 MHz. The "'W resonances were found to
be broadened inhomogeneously and all measurements
were therefore based on observations of the spin echo"
following two equal-width rf pulses. Phase memory
times T2 vrere d.etermined by measuring the echo in-
tensity as a function of time separation between the tvro
rf pulses; spin-lattice relaxation times Tj were deter-
rnined from the recovery of the echo amplitude follovr-

ing saturation of the nuclear magnetization by an rf
"comb." The receiver was similar to that used pre-
viously. " In general, the observed transient signals

"E.L. Hahn, Phys. Rev. 80, 580 (i950)."A. Narath and D. W. Alderman, Phys. Rev. 143, 328 (1966).

were considerably weaker than in the case of tungsten
metal because of the lower density of the tungsten
bronzes. For this reason the echo and calibration"
signals were recorded by a Varian C-102O time-averag-
ing computer. Adequate signal-to-noise ratios were
achieved by averaging over 25 or more repetitive time
sweeps.

III. SPIN-SPIN RELAXATION

The spin-echo dephasing times Ts (i.e., half-width of
the echo between 1/e points) and the phase memory
times T2 were determined at several temperatures in
the range 1—O'K. The results are independent of tem-
perature and are listed in Table I.

The "'W nuclear resonances in our Na, W03 samples
are characterized by strong inhomogeneous broadening
as evidenced by the observation of very narrow spin
echos (Ts*——50 to 90 @sec). The dephasing times cor-
respond to linewidths in the frequency domain which
vary from about 0.01 MHz for. x=0.56 to 0.005 MHz
for x=0.89. These widths are at least an order of
magnitude greater than those expected from the known
magnetic field inhomogeneity of our magnet, but are
consistent with the previous' cw observations. Since
l= ~ for "'W, nuclear electric quadrupole interactions
cannot be responsible for the line broadening. It is
probable, therefore, that the linewidths are due to
local variations of the chemical or Knight shifts result-
ing from the disordered arrangement of sodium atoms.
It is noteworthy that the broadening has a magnitude
which is nearly comparable to the Knight shift. This
suggests that the probability distribution of electrons
in the vicinity of the tungsten atom depends in a
significant way on the number of surround, ing sodium
atoms. The observed x dependence of T2* is in qualita-
tive agreement with this argument since the number of
nonequivalent sodium configurations which occur with
high probability should be greatest in our x=0.56
sample. For some reason not presently understood, the
inhomogeneities responsible for the short T2* produced
no observable distribution in the corresponding spin-
lattice relaxation rates, as evidenced by the observa-
tion of recovery curves following saturation which
were exponential. This suggests that the interactions
which contribute significantly to the spin-lattice re-
laxation are different from those which are responsible
for the small values of T2*.

Although our previous "Na relaxation measure-
ments" gave evidence for clustering of sodium atoms,
the present measurements provide no additional in-
formation about this possibility. The reason for this is
the absence of quadrupolar broadening in the "'W
resonance (I= st), whereas quadrupolar effects produced
two clearly distinguishable signals for the "Na reson-
ance (I=ss) which were assigned to ordered and dis-
ordered regions of the sample.

The echo phase-memory decay curves for the "'W
resonance have Gaussian shapes with characteristic
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phase memory times (Ts——23 to 35 msec) which are
much longer than the dephasing times T2*. The major
T2 mechanism must arise from the dipolar interaction
with "Na spins, since dipolar and indirect exchange in-
teractions between tungsten nuclei can probably be
neglected because of the small magnetic moment and
low relative abundance (14.3%) of rssW. The dipolar
interaction with "Na spins yields a calculated second
moment (PEP) =0.30 Oe' for @=1,corresponding to a
T&n for the free indgction decay of 2.2 msec. The phase
memory time T& should be much longer since it is
determined entirely by the Puctuutions in the local
Geld. It is not possible, however, for us to explain in
detail the origin of the long phase memory times T2
which we ha,ve observed experimentally.

The phase memory times discussed above for the "'W
resonance should be compared with the corresponding
values of T2——0.2 to 1.4 msec observed" for the "Na
resonance in these compounds. The difference in T2 for
the two resonances is qualitatively as expected, since the
dipolar interaction between sodium spins is stronger
than that between tungsten and sodium spins.

IV. SPIN-LATTICE RELAXATION

The measured values of T~T are listed in Table II.
These values are independent of temperature in the
range 1—O'K within an estimated experimental uncer-
tainty of +5%. Signal-to-noise considerations limited
accurate measurements to the first 90% of the
ma.gnetization recovery. In this interval the recovery
curves were always exponential.

The observed spin-lattice relaxation rates (Table
II) are more than two orders of magnitude faster than
the corresponding conduction-electron rates for "Na
(TtT=4400 sec'K)" in the same compounds, and also
exceed the rate observed in tungsten metal (TtT=37
sec'K)."It is apparent, therefore, that the conduction
electrons provide a spin-lattice relaxation mechanism
for tungsten nuclei in Na WO3 which is as effective as
the conduction-electron mechanism in ordinary metals,
whereas these same conduction electrons provide an
extremely ineffective spin-lattice relaxation mechanism
for the sodium nuclei in Na, WO3. The immediate
signi6cance of this observation'4 is that tungsten states
in a tight-binding description must contribute sig-
nificantly to conduction-band states near the Fermi
level in Na, WO3.

The product E'T~T can be computed, using the
"'W Knight-shift values E listed in Table II which
were published by Narath and Wallace' for Na WO&.
The combination of room-temperature Knight shifts
with low-temperature relaxation rates should be valid
since the magnetic susceptibility in cubic Na WO3 is
temperature-independent'5 below room temperature.

'4 A. T. Fromhold, Jr., and A. Narath, Bull. Am. Phys. Soc. 10,
606 (1965).

»J. D. Greiner, H. R. Shanks, and D. C. Wallace, J. Chem.
Phys. 86, 772 (1962).
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FxG. 1. Experimental values of E'TIT versus x value computed
from the Knight shift and nuclear spin-lattice relaxation rate
for the "'W resonance in Na, .WOq. Reference compounds: (al
WF6, (b)W03.

where 7, and p„are the electronic and nuclear gryo-
magnetic ratios, respectively, 2xk is Planck's constant,
and k~ is the Boltzmann constant. This relation, which
is based on the assumption that the electronic states
at the Fermi surface have 100% s character, yields
E'T&T=15X10 ' sec'K for "'W. The fa,ct tha, t the,
experimental T~T is a factor of 2 to 5 smaller than pre-
dicted from the measured Knight shift by the Korringa
relation indicates cancellation of a nonzero positive
resonance shift given by the sum of s-contact' and

"J.Korringa, Physica 16, 601 (1950).
'r C. P. Siichter, PrinciPles of Magnetic Resonance (Harper and

Row, New York, 1963), p. 126.

Knight shifts relative to two reference compounds are
given in Table II because the chemical shifts are of
appreciable magnitude. Use of the electrical insulator
WO3 as a reference compound is appealing because of
its structural relationship to Na, WO3, although there
remains the question of the diamagnetic contribution of
the sodium cores to the chemical shift which might
cause in addition a small x-dependent shift of the
resonance frequency. The subsequent analysis yields
conclusions which are essentially invariant with respect
to the choice of reference compound, so this point will
not be further discussed. Plots of the experimental
product E'TjT versus the x value for both reference
compounds are given in Fig. 1. The values of E'T~T
are of the order of 3X10 ' sec'K using WF6 as the
reference compound and of the order of 8X10 ' sec'K
using WO3 as the reference compound.

The experimental values of K'T&T may be compared
with the value predicted by the well-known Korringa
relation'~'~
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x value

0.89
0.81
0.73
0.65
0.56

T&T (sec'I)

6 g(~5%)
7.3

10.0
13.6
15.3

10'X
(WF6 reference)

—2.01&0.09—1.94&0.10—1.76&0.18—1.76&0.18—1.59&0.18

10'E'
(WOq reference)

—3.01—2.94—2.76—2.76—2.59

a Knight-shift data from Ref. 8.

TABLE II. Nuclear spin-lattice relaxation (T1T) and Knight-
shift (E) data' for "'W in metallic Na, WO3.

x value

0.89
0.81
0.73
0.65
60.5

+el
(mJ/mole deg')'

2.82+0.03
2.56&0.03
2.05+0.02
1.92&0.02
1.76&0.02

&(io)
(10"cgs/atom)

3.74
3.39
2.71
2.54
2.33

Xa+X(f
(10 ' emu/mole)

38.7
35.1
28.1
26.3
24.1

TABLE III. Experimental values of the electronic specific-heat
coef5cient p, &, and computed values for the total density of elec-
tronic states ilr(i q) at the Fermi surface (for one direction of the
spin) and the total spin susceptibility X,+x&.

&(t o) =&.(0o)+& (i o), (3)

can be obtained from the low-temperature specific-
heat coeKcient y, i using the independent-electron
relation

&0 s) = sv. t(~&n) '.
The electronic specific-heat coefFicient y, i measured
by Vest et al. ,"for the same samples as those used in
the present measurements, and the state densities as
well as spin susceptibilities deduced therefrom are
listed in Table III.

Equations (1) and (3) of Ref. 10 (concerned with
tungsten metal) are also applicable to the relaxation

"A. M. Clogston, A. C. Gossard, V. Jaccarino, and Y. Yafet,
Phys. Rev. Letters 9, 262 (1962).

"V. Heine, Phys. Rev. 10?, 1002 (1957).
2'A. M. Clogston and V. Jaccarino, Phys. Rev. 121, 1357

(1961).
"N. F. Mott and H. Jones, The Theory of the Properties of

Metals erId Alloys (Dover Publications, Inc. , New York, 1958),
p. 185."R.W. Vest, M. Griffel, and J. F. Smith, J. Chem. Phys. 28,
295 (1958).

orbital mechanisms" by a negative shift due to the
core-polarization" ' mechanism. The conclusion that
the core-polarization contribution to the resonance shift
is predominant follows immediately from the fact that
the total shift is negative.

It has been suggested' that the measured "'W shifts
in Na WO3 might represent chemical shifts. The ob-
servation of very rapid conduction-electron —induced
spin-lattice relaxation rates for "'W shows that this
is not the case. Instead, the tungsten resonance experi-
rnents show quite clearly that tungsten d states play
a dominant role in the conduction-band of the sodium
tungsten bronzes.

Apart from the above qualitative but nevertheless
definitive conclusions resulting from our measure-
ments, some quantitative analysis can be performed.
The values of X, and Xg, the spin contributions of the s
and d functions comprising the conduction band, ca,n
be estimated from the independent-electron rela, tions"

X,=2', ~'Ã, (t p),
(2)

&~= 2pa'&~(fo),

where p, ~ is the Bohr ma, gneton. The respective state
densities JV8( o) and Jt/s(ps), for one direction of the spin,
are those at the Fermi level f's. The total density of
states

See Ref. 22.

rates and Knight shifts for the '"W resonance in
Na, WOs. An estimate (based. on Knight') of 3.85X10'
Oe/electron for the $-contact hyperfine field Hhf($)
in tungsten metal was used in Ref. 10, and the approxi-
mate ratio 10: —1.0: 1.5 were deduced for Ht, f($):
PQ f (d):Ph & (orb), where H'h& (d) and Ph &(orb) are the
core-polarization (d-spin) and orbital hyperfi. ne fields,
respectively. The least reliable of these estimates is
that of Ht,r(d)= —0.38 kOe per electron since it was
based on an assumed ratio Hhf($):Ht, f(d)= —10. Al-
though this relationship is reasonably well obeyed by a
number of transition metals for which independent
determinations of Hqr(d) have been possible, " there is
no firm theoretical basis for believing in its general
validity. Among Sd metals, core-polarization lelds
have been measured experimentally for Pt metal"
I Hhf(d) =—1.18X10 Oej and for La in LaRus
LHgf(d) =—0.41X 10s Oe], by relating temperature
variations of the Knight shift to those of the magnetic
susceptibility. A comparison of these values with our
estimate for tungsten suggests that a somewhat larger
core-polarization field would be more appropriate
for tungsten.

In the present analysis, the s-contact and orbital
hyperfine fields are also considered to be somewhat
larger than those chosen for tungsten metal, since the
relative degree of ionization of the tungsten atom in
partially ionic WO3 should be considerably greater than
in tungsten metal. Furthermore, the relative degree
of ionization could depend on x value, but this eKect
will be neglected. For convenience we have chosen to
scale Ph&($) used for tungsten metal by the factor t),
while arbitrarily holding the ratios 10: —1.0:1.5 fixed
for the relative values of the three hyperfine 6elds.
The parameter q is found to have values in the range
1.5—3.0, which is about what one would expect from
estimates given in the literature. It also yields a core-
polarization field which is more consistent with the Sd
hyper6ne Geld in Pt metal. The essential results of the
analysis are not changed significantly if Hh&(d) is kept
constant and the scale factor r) only applied to Hht($)
and Hh t(orb).

~' A. M. Clogston, V. Jaccarino, and Y. Yafet, Phys. Rev. 134,
A650 (1964)."D. Shaltiel, A. C. Gossard, and J. H. Wernick, Phys. Rev,
137, A1027 (1965).
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With the above substitutions, Eq. (1) of Ref. 10
yields the following expressions for the s-contact, "
core-polarization, " and orbital'6 relaxation rates
LR;=(TiT); '), respectively, in units of (sec K)

R,=335X10 p (p+1) rl E(fo) (5)

Z„=3.35X10-»(p+1)-s~&sz(f.o)' (6)

Z.„=7.54X1O-»(p+1)-'P~'~(Po)' (7)
where

20 (a

O

l5-E

Io- 5
0
0

X

$ f=o
af I

g o
f =0.6

n

0

(b)

0

n

o f = 0.6

(9)

I I I I I

0.5 0.6 07 0.8 0.9 I.O

x value

I I I

0.5 0.6 0.7 08 0.9 I.O

x value

ft orb/+op 1 5xv'v/Xd
y (14)

where Xzz is the orbital magnetic susceptibility. Adding
the three shifts together gives the total Knight shift K,

K=0.710X10 "(p+1) 're%(fo)

X $10p—1.0+1.5(xvv/Xq)g. (15)

Immediately we can conclude that 10p41.5(xvv/X&)
must be less than unity, since all the experimental
shifts given in Table II are negative. Thus the a,dmix-
ture of s states in the conduction band is quite small,
being less than 0.1 even in the limit of a zero Xyy.
Furthermore, it can be concluded that Xyy& 0.7X~.

The product E'T~T can now be formulated, using
Eqs. (11) and (15), in units of (sec'K):

(iop —1 0+1 5 (Xvv/Xs)}' '

Z2T, T=1.50' 10-4 (16)
ioop'+ q+2.5P

This equation is independent of r) but not of X(fo)
(unless Xvv ——0), since X~ depends on X(|o) according
to Eqs. (2) and (3). It is clear from Eq. (16) that the
x dependence of the product E'TqT, as illustrated in
Fig. 1, could possibly be due to an x dependence of p,

f, or Xvv/Xs.
The use of Eq. (16) is limited, since p is unknown and

the ratio Xi v/Xs is unknown. As an example of the
type of analysis which can be carried out, we assume
that p=o (consistent with p(0.1 deduced above),
but that Xzz/0. The assumption that p=0 is equiva-

"Y. Yafet and V. Jaccarino, Phys. Rev. 133, A1630 (7964).
'8 Y. Obata, J. Phys. Soc. Japan 18, 1020 (1963).

(10)

with f denoting the average fractional admixture of
Sd(fs, ) states at the Fermi surface. Adding the three
rates together yields the total rate:

&=3.35X10 "(p+1) 'r)'1V(t o)'

X )100ps+q+2. 25Pj. (11)

Similarly, Eq. (3) of Ref. 10 and the corresponding
hyperfine field values yield the following expressions
for the s-contact, core-polarization, and orbital shifts.

E.=7.10X10 ' p(p+1) 'r)E(fo), (12)

E.&= —0 710X10 '4(p+1) 're%(t o), (13)

Fro. 2. Computed values for xvv versus x value for three f
values assuming a conduction band with 100% d character.
Reference compounds: (a) WFs', (b) WO3 (The error bars for
f=0 are determined by the experimental uncertainty in E'T&T
for the reference compound in question. )

lent to the assumption that the conduction band has
a negligible amount of tungsten 6s character. Equation
(16) then yields values for Xv v/Xz upon substitution of
the measured values of K and T~T listed in Table II.
The values depend of course on the reference compound
and the choice of f, but the general conclusions are
independent of both, as shown in the plots of &yy
versus x given in Fig. 2. Note that Xy~ increases with
x value, as expected for the filling of a nearly empty
conduction band, and the deduced values do not depend
significantly on the choice of the parameter f The.
range for Xvv is 7X10 s to 18X10 s emu/mole based
on the reference compound WF6, or 2&&10 ~ to 14&(10 '
emu/mole based on the reference compound WOs.
These values may be somewhat too large in view of the
experimentally measured values" for the total sus-
ceptibility (X=xsx,+Xs+Xvv+Xz;, increases from
2X10 ' to approximately 14X10 ' emu/mole as x in-
creases from 0.5 to 0.9); closed-shell diamagnetic con-
tributions Xq;, of —24X10 ' to —43X10 ' emu/mole
would therefore be necessary. This is not a serious Qaw

in the analysis, however, since an s-band contribution
to E(fo) of 1 to 6% (0.01(p(0.06) reduces Xvv suf-
ficiently to give a reasonable fit to X for all x values
using either the value of Xe;,= —20X10 ' emu/mole
estimated by Greiner et aL, ' or Xs;,= —27 X10
emu/mole obtained from the magnetic measurements
of Sienko and Banerjee. "Thus, the choice of p=0 gives
an upper limit on Xvv. Quantitative agreement in such
an analysis cannot be expected, of course, because of
the unknown contributions of electron-electron and
electron-phonon interactions to the magnetic sus-
ceptibility and electronic specific heat. The effective
number of s electrons (I,) per tungsten atom which
correspond to a given value of p may be estimated from
the free-electron expression

N.=(o 71X o ")I' 'L (f o)p/(p+1) j' (1 )

"M. J. Sienko and B. Banerjee, J. Am. Chem. Soc. 83, 4149
(1961).
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where V is the molar volume in cm'. For @=0.89 and
p=0.1 we Gnd e,=0.0056.

The values of g can be deduced from Eq. (11) or
from Eq. (15). Values consistent with the above
analysis are typically 1.8, 2.1, and 2.6 for f values of
0.6, 1.0, and 0.0, respectively; g is independent of the
reference compound for p=0. The value g=2.6 is
probably too large, since f=0.0 would not be expected.
In its simplest form Sienko's model, '' for example,
predicts that f=1.0. The value f= ', co—rresponds to an
equal contribution from all d orbitals to states near
the Fermi level. No significant trend of g with x value
could be detected.

No further conclusions are warranted by the above
analysis because of uncertainties in many of the relevant
parameters. They include the Knight shifts (owing to
the unknown magnitude of chemical shifts), the f
values, the ratio of the three hyperGne Gelds, as well
as the variation of these quantities with x value. In
addition, Eqs. (6) and (7) may not be entirely correct,
even within the tight-binding approximation, because
of the removal of cubic symmetry at the tungsten sites
due to nonstoichiometry with respect to the sodium
atoms. Finally possible deviations from the independ-
ent-electron model as a result of electron-phonon and
electron-electron interactions have been ignored. A
partitioning of the shifts and rates as was done for
tungsten metal would be of great interest, but in the
present case such a partitioning is not unique. In
general, the results of a partitioning indicate the pre-
dominance of the orbital mechanism for relaxation.
(Since our estimate of the core-polarization hyperfine
field is not very reliable the ratio R,~/R„b cannot,
however, be determined very accurately. ) The negative
resonance shift, of course, indicates the predominance
of core polarization for the shift. These results may be
compared with those for tungsten metal where the
contact interaction is the principal contribution to the
spin-lattice relaxation (T~"'T=37 sec'K), and the
orbital interaction accounts for the major part of
the Knight shift (E'83= +0.0106).

V. CONCLUSIONS

The tungsten Knight shifts and spin-lattice relaxa-
tion rates in the cubic sodium tungsten bronzes Na WO3
provide convincing evidence for a high, predominantly
d-like conduction-electron density at the tungsten
lattice sites. The strong d character of states near the
Fermi level leads to fast relaxation rates R'" and
negative Knight shifts K' ' as a result of the orbital
and core-polarization mechanisms, respectively. The
absence of large positive contributions to E"sa shows that
the static s contact and orbital interactions are rela-
tively weak. Thus, the density of tungsten s states
in the conduction band near the Fermi level is small
(less than 10% of the total density of states). Further-
more, the orbital magnetic susceptibility is small as
would be expected for a nearly empty d band whose

energy width is not much smaller than that observed
in elemental transition meta, ls such as tungsten.

The strong conduction-electron —induced hyperfine
interactions observed for the tungsten nucleus should
be contrasted with the long spin-lattice relaxation
times' and small Knight shifts~ observed for the
sodium nucleus in Na WO3. For example, the conduc-
tion-electron contribution to the "Na spin-lattice re-
laxation" is T~"T=4.4)&10' sec'K for @=0.73.The cor-
responding resonance shift' is E23= —6X10 ' which,
despite its small mangitude, appears to be too large
for a Na+ chemical shift. In view of the negative sign
of E23 it appears reasonable to attribute the conduction-
electron —induced relaxation rates and shifts of the "Na
resonance to core-polarization processes. This interpre-
tation is also supported by the fact that the product
E'TjT has the magnitude expected for a core-polariza-
tion process.

There are two possible orgins for the core-polariza-
tion process for sodium ions in these compounds. One

possibility is that the exchange polarization of the
sodium-core electrons is due to a partial sodium 3p
character of the conduction electrons. A second pos-
sibility" is that the 3p admixture is zero but overlap
between tungsten Sd orbitals and sodium-core s orbitals
produces a negative exchange polarization which yields
the required hyperfine Geld at the sodiurIi nucleus.
In this case, the (r ')-dependent contributions to R"
would be small. We believe the first possibility to be
unlikely from the following argument. Goodings" has
concluded on the basis of unrestricted Hartree-Fock
calculations that the core-polarization contribution to
the hfs of the sodium 'I' term is positive and has a
magnitude which is only 3% of (r '). However, it has
been estimated" that a 33% admixture of sodium 3p
states at the Fermi level would be required to account
for the observed values of R" if relaxation is due en-

tirely to orbital and spin-dipolar interactions. It is
therefore concluded that a 3p admixture cannot account
for the negative 2'Na resonance shifts. The second
possibility (exchange polarization due to overlap be-
tween tungsten 5d orbitals and sodium-core s orbitals),
on the other hand, appears to be quite reasonable. The
magnitude of the required. core-polarization field can
be estimated from the measured shifts together with
the spin susceptibilities computed from the electronic
specific heat. For @=0.73, we obtain Hq~(d)23= —12
kOe/electron as the total contribution from the eight
tungstens which are nearest neighbors to the sodium
atom.

Although the "'W relaxation rates and negative
Knight shifts increase markedly with x value, as ex-

pected from the x dependence of the electronic specific-
heat coeKcient, the corresponding values' for "Na
are essentially independent of x value, with the excep-
tion of an anomalous K23 for the x=0.89 sample. This
lack of a definite x dependence for R" and E23 sti11"D. A. Goodings, Phys. Rev. 123, 1706 (1961).
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cannot be explained, " although the x dependence of
the lattice parameter" (dlnae/dx=0. 021) may be a
contributing factor.

From the foregoing discussion it follows that the
density of sodium states in the conduction band near
the Fermi level is probably negligibly small. The sodium
atoms therefore form Na+ ions in the Na %03 struc-
ture, donating their valence electrons to the Sd con-
duction band. The Na+ ions probably increase the
effective overlap between the tungsten wave functions
because of a decrease in the electrostatic potential near
the edges of the unit cell. If this effect is important it
follows that the conduction-band width should in-
crease with increasing sodium concentration. A rigid
band description of the dependence of the electrical
properties on x value may therefore not be valid.

In summary, the present study, together with pre-
vious NMR measurements, provides strong support for

"B.W. Brown and E. Banks, J. Arn. Chem. Soc. 76, 963
(1954).

the Sienko" 5d conduction-band model for the sodium

tungsten bronzes. In its original form the model
attributed the formation of the conduction band to
overlapping tungsten Sd(tso) orbitals. Recently this
model has been greatly refined and generalized. '0"
In particular, the role which the oxygen orbitals might

play in band formation has been examined. " It is
possible that direct evidence for such an admixture could
be obtained from the "0 NMR in these compounds.
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x-ray intensity data have been obtained from aluminum single crystals at temperature intervals that
were small enough to allow determination of d(lnI)/dT in the 100—300'K temperature range. From these
measurements the temperature dependence of d3I/dT (or 3P), the temperature derivative of the Debye-
Waller factor M was determined. These derivatives are related in a straightforward way to the frequency
distribution g(v) and hence to an equivalent characteristic temperature O~ . Comparisons of experimental
results with calculations based on actual approximate frequency distributions for aluminum indicate that
the sensitivity of O~. to the shape of the frequency distribution can be experimentally significant. These
experimental results for O~ are in very good agreement with calculations based on a frequency distribution
derived by means of an 8-neighbor Born—von K6rman force model from a previously reported analysis
of neutron inelastic scattering data. Calculations using a simple one-neighbor force model based only on
elastic constants were inadequate. In the 100—300'K range the entire temperature dependence of the ex-
perimental O~ can be accounted for by anharmonicity associated with thermal expansion. The experimental
and analytical techniques used make possible the determination, at a given temperature, of a relatively
accurate and unambiguous value for O~ . The determination does not depend on O~. values at other
temperatures.

INTRODUCTION
' 'N most experimental investigations of the tempera-
- ' ture dependences of x-ray Bragg intensities for
materials with simple crystal structures, ratios of in-
tensities measured at relatively widely separated tem-
peratures (50—500'K) have been analyzed within the

*This work was supported by the U. S. OKce of Naval Re-
search, Physics Branch, and was part of the thesis of R. M.
Nicklow submitted to the Georgia Institute of Technology,
Atlanta, Georgia, in partial ful6llment of the requirements for
the Ph.D. degree.
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framework of the Debye-Wailer theory to yield values
for the Debye-characteristic temperature 0~sr. The
measurement of such a ratio, however, determines only
the difference AM of the Debye-Wailer factors M
appropriate to each end of the temperature interval.
Because Osr itself generally varies with temperature,
the interpretation of these differences can be ambiguous'
unless either 0~sr at some reference temperature or the
shape of the desired 0~sr-vs-temperature curve is
known. Such information is rarely (if ever) available
with sufhcient accuracy, especially for the low-tempera-

' F. H. Herbstein, Advan. Phys. 10, 313 (1961).


